To improve the crystallinity of thin boron-doped microcrystalline Si (p-c-Si:H) films at an initial growth stage, we tried an Al-seeding method, which is to deposit an ultrathin ͑ϳ50 Å͒ Al layer onto a transparent conducting oxide before preparing the p-c-Si:H film by using a mercury-sensitized photochemical vapor deposition method. It was found that the Al layer serves as seeds to facilitate the p-c-Si:H with high crystallinity at an initial growth stage and the Al seeds stimulate the nucleation of Si crystallites. It was also found that the absorption loss in the ultrathin ͑ϳ50 Å͒ Al-seed layer is negligible in the visible wavelength region due to its natural oxidation. When used in superstrate-type p-i-n amorphous silicon solar cells, even the Al-seeded p-c-Si:H film having a several hundred angstrom thickness acts as an excellent p layer compared to the conventional p-c-Si:H. © 2000 American Institute of Physics. ͓S0003-6951͑00͒03239-3͔
Boron-doped microcrystalline silicon ( p-c-Si:H) films have been widely recognized as a superior window material for conventional boron-doped amorphous silicon carbide (p-a-SiC:H) films because they have higher conductivity and lower light absorption in the visible wavelength region than the p-a-SiC:H layer. In the substrate-type p-i-n amorphous silicon (a-Si:H) solar cells that are prepared with a p-c-Si:H film on an intrinsic amorphous silicon (i-a-Si:H) layer and include a transparent conducting oxide ͑TCO͒ on top of the p layer, the incorporation of the p-c-Si:H resulted in enhancement of open circuit voltage (V oc ) and fill factor ͑FF͒.
1,2 However, in superstrate-type a-Si:H solar cells prepared with p-c-Si:H on TCO layer, the benefits of the p-c-Si:H layer are not realized as indicated by lower V oc and FF than would be expected. The reason for this is that the p-c-Si:H film incorporated in the superstrate-type cells is poorer in quality than that in the substrate-type cells. It is well known that the initial nucleation behavior of p-c-Si:H is strongly dependent on the underlying materials and the nucleation of p-c-Si:H is retarded on highly textured SnO 2 surface. Furthermore, a several-hundred-angstrom-thick p-c-Si:H deposited onto SnO 2 needed in the superstrate-type cells is nearly highly resistive amorphous phase, which is known as an incubation layer to start the formation of Si crystallites.
Therefore, for the thin p-c-Si:H to operate effectively as a window layer of the superstrate-type a-Si:H solar cells, it is required that the p-c-Si:H deposited onto SnO 2 has the characteristics close to the electro-optical properties of the bulk p-c-Si:H by rapid nucleation thus reducing the amorphous interface layer. In this work, to improve the crystallinity of the p-c-Si:H film deposited onto SnO 2 at an initial growth stage, we applied an ultrathin Al-seed layer, that is used to coat the SnO 2 before preparing the p-c-Si:H film.
The Al-seed layers were prepared by a conventional thermal evaporation. p-type c-Si:H films were deposited using the mercury-sensitized photo-CVD method with source gases of SiH 4 , H 2 , and B 2 H 6 .
3 The dilution ratio (SiH 4 /H 2 ) of 20 was used for microcrystalline growth. The source gases were passed through a mercury pot maintained at 30°C, being decomposed into radicals by the photo-CVD under ultraviolet ͑UV͒ light exposure. The substrate temperature was maintained at 120°C. Three kinds of substrates were investigated, namely bare SnO 2 ͑Asahi-U type͒, 57-Å-thick Al-seed coated SnO 2 ͑Asahi-U type͒, and 2000-Å-thick Al coated corning 7059 glass. Figure 1 shows the atomic force microscopy image of a 57-Å-thick Al-seed layer prepared on a crystal silicon substrate ͑Al-seed/c-Si). The Al seeds are distributed in the form of small hillocks. The root-mean-square ͑rms͒ roughness of the surface of the Al-seed/c-Si was estimated to be 42 Å. For a bare SnO 2 substrate having a highly textured surface, the rms roughness of the surface was 391 Å. For an Al-seed/SnO 2 , which is the highly textured SnO 2 substrate covered with the 57-Å-thick Al-seed layer, the rms roughness was reduced to 362 Å. Figure 2 shows the total transmittance curves of the bare SnO 2 and the Al-seed/SnO 2 . The absorption coefficient of the Al-seed/c-Si is shown in the inset in Fig. 2 . The absorption coefficient and thickness were determined by fitting the psi and delta measured from a spectroscopic ellipsometer using the classical model. The transmittance curve of the Al-seed/SnO 2 is slightly lower than that of the bare SnO 2 . Such a negligible absorption loss in the Al-seed layer comes from its low absorption coefficients less than 1ϫ10 3 cm Ϫ1 in the visible wavelength region. The Al-seed layer does not have well-established structure at the initial absorption stage of Al atoms on the surface, resulting in high porous and weakly bonded lattice. Owing to such a disordered structure where oxygen diffuses easily from air, the ultrathin Al-seed layer may experience a natural oxidation under air exposure, thus being converted to high transparent Al 2 O 3Ϫx .
4 Based on the fact that the absorption loss in the Al-seed layer deposited onto the SnO 2 is extremely low, it is expected that the solar cell application of the Alseed layer is not accompanied by a decrease of the shortcircuit current density (J sc ). Figure 3 shows the Raman spectra of the p-c-Si:H films deposited on a 2000-Å-thick Al film coated corning 7059 glass substrate ͑Al substrate͒, the Al-seed/SnO 2 , and the bare SnO 2 for the deposition time of 10 min ͓Fig. 3͑a͔͒ and for the deposition time of 60 min ͓Fig. 3͑b͔͒. In Fig.  3͑a͒ , a sharp peak at ϳ520 cm Ϫ1 , that is characteristic of crystalline Si, is observed clearly for the Al substrate and the Al-seed/SnO 2 . However, there is no Raman signal emitted for the bare SnO 2 . Moreover, although the p-c-Si:H film were deposited on these substrates for the same deposition time of 10 min, the thicknesses of the film were measured to be 450 Å for the Al substrate and the Al-seed/SnO 2 , whereas the thickness was 300 Å for the SnO 2 . These results imply that the nucleation time for the Al substrate and the Al-seed/ SnO 2 is shorter than that for the bare SnO 2 . The different nucleation behavior with respect to the underlying substrates can be explained as follows. The nucleation rate is determined by the energy (E des ) that is required to desorb adatoms or reaction radicals into vapor from the impinging surface.
5 It is well known that the increase of the E des , that is indicative of faster nucleation rate, appears at growing surface heterogeneities and imperfections, such as cleavage steps or ledges where the binding energy of adatom is greater relative to a planar surface. In addition, impurities on the surface serve as preferred nucleation sites in a similar manner. In an analogy with the preferred nucleation phenomena, the Al seeds are expected to have higher E des as preferred adsorbing sites for SiH 3 radicals than that for SnO 2 , resulting in immediate nucleation and higher growth rate during the earliest stages of film growth, as illustrated in Fig. 4͑a͒ , films deposited at 60 min, the same crystal peaks are observed for all three types of substrates. The thicknesses of the p-c-Si:H deposited onto the Al substrate and the Al-seed/SnO 2 were identically 2720 Å. Whereas the thickness for the bare SnO 2 is 2340 Å. The thickness difference of about 380 Å between the bare SnO 2 and the others is caused by the faster initial nucleation on the preferred Al-seed sites. Although the initial nucleation rate for the SnO 2 is retarded due to lower E des , the film grows at the same deposition rate after accomplishing a critical incubation layer. Once full nucleation has completed on the substrates, the difference of the thickness does not become large any more because the SiH 3 radical sees the same surface situation and thereby the deposition rates are identical, as illustrated in Fig. 4͑b͒ .
There are several problems to be solved to apply p-c-Si:H as a window layer of a superstrate-type a-Si:H solar cells with the TCO/pin/metal structure. One is to avoid an initial incubation layer of p-c-Si:H when deposited onto TCO. Another is that a considerable amount of hydrogen radicals for microcrystallization causes the TCO to damage, lowering the V oc and J sc of a-Si:H solar cells. To solve these problems, we tried to apply Al seeded p-c-Si:H to a window layer of a-Si:H solar cells. We fabricated the solar cells having a simple structure of glass/SnO 2 /ϳ50 Å-thick Al-seed/p-c-Si:H/i-a-Si:H (6000 Å)/n-c-Si:H ͑400 Å͒/Al and the conventional cells without the Al-seed layer. All the p, i, and n layers were prepared using three separated reaction-chamber photo-CVD apparatus. The cell area is 0.09 cm 2 . By using this method, we can deposit high-quality c-Si:H film with a dilution ratio of about 20, which is significantly lower than that in the conventional plasma CVD method. Thus, we can diminish hydrogen radical or ion damage. Figure 5 shows the dependence of solar cell performance on the deposition time of the p-c-Si:H layer deposited at a time onto the SnO 2 and the Al-seed/SnO 2 substrates. The p-c-Si:H layer is deposited at the substrate temperature of 150°C to avoid the TCO reduction by hydrogen. The a-Si:H solar cells with an Al-seeded p-c-Si:H window layer have higher V oc and FF than those with a conventional p-c-Si:H window layer. The fast transition from amorphous to microcrystalline state at an initial stage was induced by the Al seeds. Such an enhanced crystallization of the p layer resulted in high saturated values of V oc ͑0.865 V͒ and FF ͑0.752͒. Whereas the cell with the conventional p-c-Si:H exhibits a low saturated V oc of ϳ0.72 V with increasing the p-layer thickness. In other words, these facts imply that the quality of the p-c-Si:H films deposited onto the bare SnO 2 are poorer quality than those deposited on the Al-seed/SnO 2 and they are nearly amorphous for the thickness of less than several hundred angstroms. On the other hand, the J sc decreases with increasing the p-c-Si:H deposition time for both types of the solar cells with the Al seeded and conventional p-c-Si:H layers. However, the J sc of the cell with an Al-seeded p-c-Si:H is slightly lower than that of the cell with a p-c-Si:H for the same p-c-Si:H deposition time. This is caused by the additional absorption loss not in the Al-seed layer but in the thicker p-c-Si:H deposited on the Al-seed/SnO 2 than that on that of the bare SnO 2 . From these results, we can conclude that an Al-seeded p-c-Si:H layer is more suitable to a window layer than a conventional p-c-Si:H layer. However, there is still room to improve further the quality of the thin p-c-Si:H at the thickness less than 400 Å by forming denser nucleation sites without void to reduce the absorption loss in the p layer and enhance the solar cell performance.
In summary, we introduced the Al-seeding method to obtain high-quality p-c-Si:H layer at the very thin thickness less than several hundred angstroms. It was found that the Al-seed layer operates as a nucleation adsorbing sites and stimulates the initial crystallization of the p-c-Si:H. We improved successfully the superstrate-type p-i-n a-Si:H solar cell performance using the Al-seeded p-c-Si:H as a window layer. The cell exhibited high V oc and high FF. Its typical characteristics are as follows: V oc ϭ0.853 V, J sc ϭ13.22 mA/cm 2 , FFϭ0.741, and efficiencyϭ8.36% ͑AM 1.5, 100 mW/cm 2 ͒. 
